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A thymus-specific subunit of the proteasome, b5t, was previously described and shown to be essential for
positive selection of CD8+ T cells. In this issue of Immunity, Nitta et al. (2010) suggest that b5t is essential
because it alters the specific peptide-MHC complexes displayed by cortical epithelial cells.The report of a thymus-specific subunit of
the proteasome in 2007 (Murata et al.,
2007) reignited interest in a controversy
from the 1980s, that positive-selecting
cortical epithelial cells (cECs) in the
thymus might display a different set of
peptide-MHC (pMHC) ligands than
antigen-presenting cells (APCs) else-
where in the body. This model, called
the ‘‘altered peptide’’ model, could ex-
plain the T cell selection paradox because
thymocytes that are positively selected by
interaction with pMHC displayed only by
cEC would not be deleted when later in-
teracting with negative selecting APCs.
This notion was prematurely set aside in
1987 when it was shown that cEC and
splenic APC MHC shared the majority of
abundant MHC class II-bound peptides.
In addition, evidence was accumulating
to support an affinity model of T cell selec-
tion, which did not require thymic APCs to
display unique pMHC. However, the iden-
tification of a thymus-specific subunit of
the proteasome has forced the reconsid-
eration of this model for CD8+ T cells.
The b5t subunit appears to be only ex-
pressed in cECs in the thymus and not
elsewhere in the body; it is evolutionarily
conserved among species that have
a thymus; and it is required for CD8+
T cell positive selection (Murata et al.,
2007). Because the proteasome is the
main catabolic force generating peptides
for display by MHC class I, a natural
hypothesis is that b5t expression in
cECs alters the peptides displayed by
MHC class I in the thymus. Establishing
this experimentally is challenging, how-
ever, because direct biochemical charac-
terization of the peptides associated with
MHC molecules requires a large amount
of material and there are fewer than
10,000 cECs per mouse. In this study,
Nitta et al. (2010) provide two indirect lines
of evidence that the cEC pMHC repertoireis altered by b5t. First, they crossed b5t
null animals to five distinct MHC class
I-restricted TCR transgenic strains and
found that the positive selection of
different TCRs were impacted by b5t defi-
ciency to different extents (e.g., HY was
strongly affected, whereas OT-I was
not). This is consistent with b5t deficiency
causing the loss of some selecting
self-peptides but not others. However,
because mutations that generally impair
TCR signaling also inhibit different TCR
transgenic strains to different extents,
this experiment is not definitive. Second,
Nitta et al. show that two antibodies
(25.D1 and 22.C5, generated to bind the
Kb-OVA complex), which do not typically
cross-react on self-peptides from
C57BL/6 APCs, show modest staining of
b5t-deficient cECs, implying that cECs
display unique self-peptides. Clearly,
further biochemical characterization of
the pMHCs generated by b5i and b5t pro-
teasomes is needed, but we now have at
least some evidence that b5t influences
the pMHC display by cEC.
Thus, a picture emerges in the thymus
(Figure 1) where thymocytes interact
with cECs that display a pMHC repertoire
largely dictated by the cleavage speci-
ficity of b5t. Recognition of these ligands
triggers positive selection, whereupon
cells migrate to the medulla. In the
medulla, thymocytes encounter APCs
that can potently trigger negative selec-
tion, but these APCs display a distinct
set of pMHC complexes because they
primarily express b5i, a distinct b5 subunit
encoded by the Psmb8 gene. Thus, only
a fraction of the repertoire is eliminated
by clonal deletion. It should be noted
that cECs also express a low amount of
b5i. In fact, in this study, Nitta et al.
show that when b5t is absent, b5i is incor-
porated into proteasomes, thus cECs are
still viable and express normal amounts ofImmunityMHC class I, albeit with a unique reper-
toire (Figure 1). However because other
APCs in the thymus, like DCs and medul-
lary epithelial cells (mECs), express b5i, it
is proposed that the pMHC repertoire in
b5t-deficient mice is largely similar
between the positive-selecting cECs and
negative-selecting medullary APCs. One
model posits that this pMHC similarity
between cECs andmECs and DCs results
in the net selection of a smaller CD8+ T cell
repertoire, as represented in the second
panel (Figure 1).
One fascinating piece of data that came
from previous in vitro analysis (Murata
et al., 2007) is that b5t-containing protea-
somes do not efficiently cleave substrates
at hydrophobic residues. This is inter-
esting because the most avid MHC-
binding peptides have hydrophobic
C termini. Thus, it has been proposed
that cECs expressing b5t would display
unstable pMHC complexes (Ziegler
et al., 2009). The idea that positive-select-
ing cECs might display ligands that would
facilitate short-lived TCR engagements
has intriguing parallels to the classic
affinity model of thymic selection. Such
ligands may be intrinsically more effective
at inducing positive selection than stable
pMHCs. Hence, in the absence of b5t,
positive selection is impaired, as repre-
sented in the third panel (Figure 1). Nitta
et al. used an antibody to MHC class I
that preferentially recognizes empty
MHC class I molecules to show that
both wild-type and b5t-deficient cECs
display mostly occupied MHC class I
molecules. Thus, so far, the data are
most consistent with the hypothesis that
cECs display surface MHC molecules
that are occupied by a distinct repertoire
of self-peptides (see Figure 1). Although
whether that repertoire is of similar
stability and diversity remain critical ques-
tions for understanding T cell selection.32, January 29, 2010 ª2010 Elsevier Inc. 5
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Figure 1. Different Class I Peptide Repertoires Support Positive and Negative Selection
T cell progenitors (green) are positively selected upon interaction with cEC in the cortex of the wild-type thymus (left). The peptides displayed by MHC class I
molecules on cECs are hypothesized to be derived primarily by cleavage products of proteasomes containing the b5t subunit, and to a lesser extent b5i. After
positive selection, progenitors migrate to the medulla. In the medulla, they encounter mECs and DCs, which are potent inducers of negative selection. Peptides
displayed by DCs and mECs are primarily derived from cleavage products of b5i-containing proteasomes. In b5t-deficient mice, the peptides displayed by cECs
and by mECs and DCs are derived from cleavage products of b5i-containing proteasomes and may be largely similar to each other (second panel). This high
similarity could result in the net survival of a smaller population of CD8+ T cells. Alternatively, b5t may facilitate the display of unstable pMHC ligands in cECs,
such that in its absence, positive selection itself (not the net survival through both positive and negative selection) is impaired (third panel). In mice engineered
to express a single peptide MHC complex on all cells (right), the peptides displayed by cECs and bymECs and DCs are identical. This mouse contains a small but
discrete population of CD8+ T cells. That CD8+ T cells develop at all in this mouse proves that altered peptide repertoires among cECs, mECs, and DCs are not
required for T cell development, consistent with the established TCR affinity model. Overall, evidence suggests that differential peptide display by positive and
negative selecting APCs enhances the size and diversity of the CD8+ T cell repertoire. Analogous data exist to support a similar model for MHC class II and CD4
T cells, summarized in Klein et al. (2009).
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in light of another recently published
study showing how CD8+ T cells develop
in mice forced to express a single pMHC
class I complex on all cells in the body
(Figure 1) (Wang et al., 2009). Such mice
have only 10% the number of CD8+
T cells as wild-type mice. Nonetheless,
these cells express a diverse TCR reper-
toire and recognize both MHC and
peptide with high specificity. This experi-
ment, though highly artificial, argues
strongly that the peptides displayed by
positive and negative selection APC do
not have to be distinct (the altered peptide
theory) for T cell selection to occur. Thus,
a comprehensive view suggests that
aspects of both the TCR affinity and
altered peptide theories could be at
work during thymic selection.
The current study hints that b5t may do
more than create unique peptides in
cECs. Nitta et al. showed that CD8+
T cells that develop in b5t-deficient mice
are functionally abnormal. The cells6 Immunity 32, January 29, 2010 ª2010 Elsevdisplay an elevated amount of CD44 and
Ly6C, make poor responses to allogeneic
APC, and do not protect from influenza
infection. It is not immediately apparent
why limiting pMHC diversity between
cECs and mECs would cause such
effects. It will be interesting to determine
whether CD8+ T cells from ‘‘single-
peptide’’ mice (Wang et al., 2009) display
these abnormalities as they have
complete pMHC identity between cEC
and mEC populations. Proteasomes
regulate many other functions in cells.
Are there other substrates for the thymo-
porteasome besides MHC class I-binding
peptides that are important in positive
selection?
In summary, this work clearly demon-
strates that MHC class I-binding peptides
in thymic cECs are altered by the b5t-con-
taining proteasome. This is particularly
attractive given the proposed analogous
role of cathepsin L for MHC Class II in
cEC (Klein et al., 2009). However, pre-
cisely how these altered peptides impactier Inc.positive selection remains to be deter-
mined. It may merely be their difference
from the peptides displayed by other
APC, or they may have unique structural
characteristics. Further work will also be
needed to understand how b5t supports
the development of functionally compe-
tent CD8+ T cells.REFERENCES
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